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Abstract 

We consider the dynamics of p anti-D3 branes inside the Klebanov-Strassler geometry, the 
deformed conifold with M units of RR 3-form flux around the S^. We hnd that for p « M 
the system relaxes to a nonsupersymmetric NS 5-brane “giant graviton” conhguration, which 
is classically stable, but quantum mechanically can tunnel to a nearby supersymmetric vac¬ 
uum with M — p D3 branes. This decay mode is exponentially suppressed and proceeds via 
the nucleation of an NS 5-brane bubble wall. We propose a dual held theory interpretation 
of the decay as the transition between a nonsupersymmetric “baryonic” branch and a su¬ 
persymmetric “mesonic” branch of the corresponding SU{2M— p) x SU{M— p) low energy 
gauge theory. The NS 5-brane tunneling process also provides a simple visualization of the 
geometric transition by which D3-branes can dissolve into 3-form hux. 


1 Introduction 


The search for calculable and nontrivial nonsupersymmetric string vacua remains a problem 
of basic interest in string theory. In the context of AdS/CFT duality [1], this is related to 
the construction of gravitational “anti-holographic” descriptions for nonsupersymmetric 4d 
quantum gauge theories. Here, we describe the construction of a simple nonsupersymmetric 
string background which has both a holographic description in terms of 4d gauge theory and 
realization in the context of warped string compactifications. The model possesses several 
attractive features, among them the existence of certain discrete parameters which allow it 
to be rendered classically stable and arbitrarily long-lived and the ability to set the regime 
of nonsupersymmetric dynamics at energies exponentially far below the Planck scale. 

One of the recent advances in the anti-holographic description of gauge theories is the 
discovery of several smooth gravitational duals for M =1 supersymmetric pure Yang-Mills 
theory [2, 3, 4]. One such dual, as discussed by Klebanov and Strassler (KS), starts with the 
theory of N D3 branes probing M “fractional” wrapped D5 branes in a conifold geometry. 
In the final geometry, the branes have disappeared; they are replaced by RR and NS three- 
form fluxes through two intersecting three-cycles in the deformed conifold [2]. The crossed 
fluxes carry N units of F 5 -form charge, in keeping with the starting point. The holographic 
description of the geometry involves a 4d SU{N + M) x SU (iV) gauge theory undergoing 
an RG cascade, in which repeated Seiberg duality transformations relate weakly-coupled 
descriptions of the physics. In the case N = KM for some integral K, the IR field theory 
at the end of the cascade is a pure M =1 supersymmetric SU{M) Yang-Mills theory. The 
KS model can be embedded into a compact geometry [5] and used to realize warping as a 
means of generating large hierarchies as in the Randall-Sundrum scenario [6] along the lines 
advocated in [7] (for other discussions along these lines, see e.g. [8]). Roughly speaking, the 
pure Yang-Mills theory becomes the theory on the “infrared brane” in the RS description, 
while the string compactihcation manifold provides an effective “Planck brane”. 

In our model, along with the conifold geometry with crossed three-form fluxes, we in¬ 
troduce an additional ingredient which breaks the supersymmetry of the solution: We place 
some number p « M of anti-D3 branes at the tip of the deformed conifold. We expect 
that this conhguration can be classically stable since, although the fluxes carry D3 brane 
charge, there is no immediate analogue of brane/anti-brane annihilation. Instead, the sys¬ 
tem must relax by undergoing some form of “brane/flux annihilation” in which one of the 
3-form fluxes jumps by one unit, allowing part of the D3-brane charge to materialize in the 
form of actual branes. Here we will identify and analyze this process in some detail; we 
will hnd that, in the regime of interest to us, it is an exponentially suppressed tunneling 
effect which proceeds via the nucleation of an NS 5-brane bubble wall. We will argue that, 
in the holographic dual description, the decay represents a transition between a metastable 
non-supersymmetric “baryonic” branch and a supersymmetric “mesonic” branch of the cor¬ 
responding SU (2M — p) X SU (M — p) low energy gauge theory. 

The organization of this paper is as follows. In §2, we discuss preliminaries and describe 
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our basic physical expectations. We also discuss the two different vacuum branches of the 
supersymmetric KS system, since this structure will be of importance to us later. Then, 
in sections §3 and §4, we study the basic dynamics of the anti-D3 branes in the conifold 
and flux background. We will do this from two perspectives. In §3, we will look at the flux 
induced potential for anti-D3 branes and present evidence that it induces them to expand 
into an NS 5-brane giant graviton conhguration. In §4 we will then examine this system 
directly from the viewpoint of the NS 5-brane action with induced anti-D3 charge. By 
combining both perspectives and establishing a precise correspondence between them, we 
obtain a consistent picture where the anti-branes blow up into a hvebrane wrapping an 3“^ 
of some hxed size on the small (A-cycle) inside the conifold. For small enough p/M, 
this describes a metastable false vacuum. In §4.3 we present the analysis of the Euclidean 
NS 5 brane bubble wall which mediates the quantum decay of our theory to a nearby 
supersymmetric vacuum with slightly different fluxes and M — p D3 branes. This is the true 
vacuum, and is one of the models discussed in [2]. In §5 we present our best guess for the 
correct holographic description of our non-supersymmetric theory in terms of a long-lived 
false vacuum in the KS held theory. We also discuss the type IIA dual description. Finally, 
in section §6, we give a short discussion of the model when considered as a warped string 
compactihcation and describe some features of the 4d effective supergravity theory. 

As an interesting aside, we note that our study also sheds light on the geometric transition 
[4] between string backgrounds with D3-branes sources and smooth KS-geometries with only 
3-form hux [2]. Contrary to expectation, we will see that this transition can be understood 
in terms of the dynamics of the D3-branes themselves, which undergo via the formation of a 
“fuzzy” NS 5-brane a continuous transmutation into pnre hnx. This transition takes place 
inside snpersymmetric domain walls interpolating between the two phases, the BPS domain 
wall solution described in §4.2. 


2 Preliminaries 

In this section, we review some of the relevant aspects of the KS geometry and its holo¬ 
graphically dnal gange theory description. We describe onr non-snpersymmetric model and 
some of onr physical expectations in §2.2. 


2.1. The Klebanov-Strassler geometry from F-theory 

In most of onr investigation, we will consider the non-compact limit of the Klebanov- 
Strassler geometry. For pnrposes of presentation and to facilitate later discussions of onr 
model in the context of warped string compactihcations, we will start from the point of view 
of F-theory with non-zero 3-form fluxes H 3 and F 3 . Snch models have been investigated 
from an M-theory and F-theory perspective in, e.g.,[9, 10, 5, 11]. To simplify notation, we 
assume as in [5] that we are working in a limit where the F-theory compactihcation on the 
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fourfold X can be viewed as an orientifold of IIB string theory on a Calabi-Yau threefold Y. 
Besides the 3-form flux, the geometry will typically involve the insertion of D3-branes 
and/or anti-D3 branes. The net D3 charge 

Q, = N3-Ns ( 1 ) 


is hxed via the global tadpole condition 


X(X) 

24 




Hs A 


( 2 ) 


Here x(Y) is the Euler characteristic of the CY fourfold that specihes the F-theory com- 
pactihcation, and T 3 is the D3-brane tension. 

We are interested in expanding about a singular point in moduli space where Y has 
developed a conifold singularity. The KS solution corresponds to the placing of M units of 
F 3 flux through the H-cycle of the conifold and K units oi Hg through the dual H-cycle: 


dTT^ Ib ^ 


M, 

-K . 


(3) 


Assuming no other (crossed) fluxes are present, we could in principle choose M and K 
such that ^ = MK, so that D3 charge conservation is satisfied without the need of extra 
D3-brane insertions. We can therefore expect to hnd a smooth compactihcation geometry. 
Indeed, as discussed in detail in [5], these fluxes give rise to a non-trivial superpotential 
for the complex structure modulus 2 :a = /a ^ fhat controls the relative size of the A-cycle, 
stabilizing it at an exponentially small value 


2 :a ~ exp{-27iK/Mgs). (4) 

As a result, the compactihcation geometry develops a smooth conical region, described by 
the warped geometry of the deformed conifold 

= (5) 

i=l 

with e ^ za exponentially small. 

The exponential hierarchy (4) has a natural explanation from the holographic perspective 
as follows [2, 5]: The geometry (5) is dual to an SU{N + M) x SU{N) gauge theory, which 
has a non-trivial /5-function proportional to gsM. As a result, its renormalization group how 
towards the infrared involves a cascade of successive strong coupling transitions at successive 
scales fin with \og{fin/fin+l) {gsM) Each strong coupling transition involves a Seiberg 
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Fig 1 :The decay, described in %2.2 and §^.5, takes place between an intitial non- 
supersymmetric situation with p D3 branes near the tip of the conifold, to a final supersym¬ 
metric situation with M —p D3-branes. The total D3-charge is preserved via the simultaneous 
jump in the H 3 flux around the B-cycle by one unit, from K to K — 1. 


duality transformation which lowers the rank of the larger of the two gauge groups by 2M. 
Assuming that N = KM, the maximal number of such dualities is K, leaving in the IR 
a pure supersymmetric SU{M) Yang-Mills theory. The total range of scales traversed in 
this duality cascade is therefore \og{fio/fix) ~ K/ggM, consistent with the supergravity 
prediction (4). 


2.2. Our Model and Physical Expectations 

We choose to study the model of §2.1 in the case that 

Y3 = 0, iV3 = p, II = KM-p (6) 

with p « K, M. That is, we study the theory of p anti-D3 branes probing the Klebanov- 
Strassler geometry. 

This theory is nonsupersymmetric because the supersymmetry preserved by the anti-D3 
branes is incompatible with the global supersymmetry preserved by the imaginary self-dual 
3-form flux of the background geometry. Thus, on general grounds, we should expect this 
conhguration to be unstable. Indeed, if the KM units of D3 charge contained in the F 3 and 
Hs fluxes were realized instead as real D3 branes, we would know that the system could 
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decay back to a supersymmetric KS vacuum by undergoing brane/anti-brane annihilation. 
In our configuration, however, there is no obvious way for this to occur. 

To gain more insight, let us look at our situation (6) from the dual field theory perspec¬ 
tive. It is natural to identify the total D3 charge carried by the compactification manifold, 
x/24, with the total rank N of the SU{N + M) x SU{N) dual gauge theory. Indeed, if we 
took N = KM + p, with p « M, the duality cascade would proceed in K steps until we 
were left in the infrared with an SU{M + p) x SU{p) gauge theory. As explained in [2], this 
theory has a moduli space parametrized by “meson” fields Nij which can be convincingly 
matched with the moduli space of p D3 branes moving on the deformed conifold geometry. 
This is what we expect in the case ^ = KM + p. 

Extrapolating this correspondence, we might ventnre that our situation (6) should be 
related to the KS gauge theory with N = KM—p. However, in this case the RG cascade can 
only involve K — 1 Seiberg dnalities, leaving a snpersymmetric SU (2M — p) x SU{M — p) 
gange theory in the infrared. Clearly, this field theory does not correspond to the non- 
super symmetric situation (6), bnt instead to the supergravity solution with M—p D3 branes 
and only K—1 units of Hj^s flux throngh the B-cycle 

N = M -p, N = 0, ^ = (K-l)M+(M-p) = KM-p (7) 

It is a natural guess that this supersymmetric situation (7) should form the end point 
of a decay process beginning from the initial sitnation (6). Indeed, one can see that the IIB 
string theory admits domain walls across which the flux oi H 3 through the B-cycle drops 
by one nnit, described by NS 5 branes wrapping the A-cycle of the conifold geometry. The 
system (6) can therefore decay via nucleation of a bubble of supersymmetric vacuum (7) 
surrounded by a spherical NS 5 domain wall. This domain wall will expand exponentially as 
a conseqnence of the pressnre produced by the drop in the vacunm energy. We will describe 
this process in much more detail in §4.3. We will find that it is a non-pertnrbative tnnneling 
process for a wide range of parameters. However, this does not mean that the naive 773 
description of the system is the correct description before the decay. As we will see, the Z73 
system also has perturbative instabilities, which cause the 773 branes to blow up into NS 5 
branes wrapping spheres inside the A-cycle. Provided p is sufficiently smaller than M, the 
maximnm size “giant graviton” 5-brane will be a classically stable configuration. Quantum 
mechanically it will decay with an exponentially-suppressed probability. 

To simplify our analysis, we will assume that all of the interesting dynamics takes place 
very close to the tip of the conifold. Indeed, it is not difficult to convince oneself that the 
anti-D3 branes will in general feel a net radial force Fr{r) proportional to the 5-form flux 

F, 

Fr{r) = -2/i3F5(r) (8) 

that will attract them to the tip at r = 0. This force is a sum of gravitational and 5-form 
contributions: For a 773-brane these two terms cancel; in the case of 773-branes they add 
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up to a net attractive force (8). Therefore, even if we began with a more generic initial 
distribution, we expect the anti-D3 branes to accumulate quickly near the apex at r = 0. 
The metric near the apex reads [12] (we work in string units, a' = 1) 

= Oq dx^dx^ + QsM bl(^^dr‘^ + dVt\ + 

4/3 

af. ~ —- bl « 0.93266. (9) 

Since we assume that all physics takes place at r = 0, our space-time has the topology 
X S^. The RR held = dC 2 has a quantized hux around the 

Fs = 47r2M, (10) 

while in the supersymmetric background dictates = —gsF^, so that 

dBg = — Xio Hg = -dV4 A Fg, (11) 

9i 9s 

with dV 4 = Og d^x. The dilaton held is constant, and the self-dual 5-form held vanishes at 
the tip. 


2.3. Branches of Moduli Space in the KS system 

Here we review one of the relevant features of the KS low energy held theory, following 
section 7 of [2]. This will be important in understanding our proposal for the holographic 
held theory description of the metastable false vacuum, as well as of the tunneling process 
that describes its quantum decay. 

Consider the RG cascade of the KS gauge theory with N = KM in its penultimate step. 
In this case, the unbroken gauge group is SU{2M) x SU{M), and the SU{2M) factor has 
an equal number of havors and colors. There is also a quartic superpotential whose rough 
form is 

IK = A {AB.AkBi) (12) 

where the Ai are in the (2M, M) representation, the Bi are in the conjugate representation, 
and i = 1, 2. We know from the analysis of [13] that in A/” = 1 supersymmetric QCD with 
Nf = Nc, the moduli space is quantum mechanically modihed. Treating the SU{M) as a 
global symmetry (i.e. taking its dynamical scale to vanish), this situation reduces to the 
one studied in [13] (with the added complication of the quartic tree-level superpotential). 
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Define the “meson” fields Nij^afS and the “baryon” helds B, B 

B = B = , (13) 

where a and (3 are SU{M) “flavor” indices. In order to reproduce the quantum modihed 
moduli space of the SU{2M) theory, we should add a Lagrange multiplier term to (12) 

ID = A + X(det(iV) - BB - , (14) 

where the determinant is understood to be that of a 2M x 2M matrix (coming from the i,j 
and color indices on iV). 

There are distinct “mesonic” and “baryonic” branches of supersymmetric vacua arising 
from the superpotential (14). On the baryonic branch 

X = 7V = o, B = B = iA^^. (15) 

On this branch, the SU (M) factor in the gauge group remains unbroken, and one is left 
with pure Af = 1 gauge theory in the IR. However, there is also a branch where B = B = 0 
and the mesons have non-vanishing VEVs. 

det(iV) = B = B = 0 . (16) 

Now the gauge group is generically Higgsed, and there is a moduli space of vacua consisting 
of the theory of M D3 branes probing a deformed conifold geometry. 

The fact that the mesonic and baryonic branches of moduli space are disconnected is a 
result of the tree level superpotential (12). In the theory without (12), the quantum moduli 
space is dehned by the equation det(iV) — BB = and one can smoothly interpolate 
between these branches, via a continuous path of supersymmetric vacua. In the present 
case, on the other hand, held conhgurations that interpolate between the two branches take 
the form of localized supersymmetric domain walls with non-zero energy density. These 
domain walls solve BPS equations of the form 

= g^^djW{^) (17) 

with X}, and x the coordinate transverse to the domain wall. The wall 

tension is proportional to 

|AID| = |ID(4>,)-ID(4>^)|, (18) 
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where and denote the respective vacnnm valnes (15) and (16) of the two branches. 
By considering e.g. the special mesonic vacnnm where all meson helds have the same 
expectation valne (i.e. independent of their “flavor” index), we dednce 

|Ahh| = 2AMA^ (19) 

In §4.2 we will consider the dnal snpergravity description of the domain wall. In this 
case it will represent the transition from the smooth deformed conifold with only flnx (corre¬ 
sponding to the baryonic branch) to the sitnation with one less nnit of NS 3-form flnx and M 
D3-branes. In §5 we will use this dual understanding of the supersymmetric domain wall to 
motivate a similar holographic description of our non-supersymmetric D3 background and 
its decay process. Here we will similarly argue that there are two relevant branches: The 
hrst, the analogue of the baryonic branch, will be the (now nonsupersymmetric) metastable 
vacuum; and the second, the analogue of the mesonic branch, will be the theory with M—p 
D3 branes probing the deformed conifold (7). 


3. The D3 brane Perspective 

We are interested in the dynamics of p D3 branes sitting at the end of the KS throat, 
under the influence of the Fg and FIs fluxes (3). We will do our analysis within the probe 
approximation, taking the KS background as fixed, while ignoring the backreaction due to 
the D3 branes. The characteristic size of the geometry is set by i? ~ while we 

can estimate that the backreaction due to the p anti-branes extends over a region of order 
r ~ ^/QsP- Hence the distortion of deformed conifold due to presence of the D3 branes 
remains small as long as p « M. We will assume that we are in this regime. 

It is now rather well understood how, in a non-trivial flux background, p D3-branes can 
expand to form a spherical D5-brane (this phenomenon played an important role in the 
analysis of [14], for example). Here, due to specific form of the background fluxes, we will 
need to consider the S-dual phenomenon, where the D3 branes expand into wrapped NS 
5 branes. A technical difficulty, however, is that it is not yet known how to consistently 
couple the background Hg-flux (11) to the matrix Born-Infeld action of the D3 branes. (This 
problem is directly related to that of finding a Matrix theory description of the transverse 
NS 5-brane.) A way around this obstacle, is to use the S-dual description of the D3 world- 
volume. In §4, we will turn things around, and view things from the perspective of a wrapped 
NS 5 brane with D3 charge p coming from a world-volume magnetic flux. 

Before getting started, we need to warn the reader that strictly speaking, since Ps is 
assumed to be small and thus the S-dual coupling = l/g^ large, we are far outside of the 
regime of validity of the S-dual Born-Infeld action. We will nonetheless proceed with using 
it; in §4 will And a posteriori justification of our description when we establish a precise 
match with the results obtained from the NS 5-brane perspective. 



3.1. Dielectric D3 Branes 


The worldvolume action of the p anti-D3 branes, placed at the apex of the deformed 
conifold and in the S-dual frame, is given by the Born-Infeld action 

Sbi = — /Tr^det(G|| + 27rgsF) det((5) - 27r/i3 /Tri$i$i?6 (20) 

Qs J J 


Here 

Stt? 

Q'j = + 9sCkj) . ( 21 ) 

9s 

Because we are working in the S-dual frame, relative to the usual Born-Infeld action, we 
replaced B 2 by C 2 and Cg by Bg. The two-form F here denotes the non-abelian held 
strength on the Z13 brane worldvolume. 

The scalar helds parametrize the transverse location X of the Z13 branes, via the 
relation $ = 27rX. By making these matrix coordinates non-commutative, the anti D3- 
branes can collectively represent a 5-dimensional brane which can be identihed with the NS 
5-brane. The topology of this “fuzzy NS 5 brane” is x where the two-sphere 3“^ has 
an approximate radius R equal to 


47r2 

~-Tr(($*)2). (22) 

P 

It is instructive to look for the non-commutative solution for p <<c M, in which case <h 
remains small relative to the radius of curvature of the surrounding space-time and variations 
in the 3-form held strengths. In this case we may write Ckj ~ and locally we may 

approximate the metric in the compact space by the hat metric Gkj = Skj- We hnd that 

Q) = + . (23) 

9s J 


So we can expand 


Tr^det(g) ~ p - ^^Ffc,,Tr([$^ - ^Tr([$\ . (24) 

Furthermore, we are in an imaginary self-dual hux background where dBg = —In 
an imaginary anti self-dual hux background, the cubic terms in the full potential for the D3 
worldvolume helds would have to cancel (by a “no-force” condition between anti-branes 
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and lASD fluxes). This logic, or alternatively, direct calculation of the second term in (20), 
tells us that the full potential coming from (20) in this ISD flux background will be 


5 'sV'eff(*^>) ^ •ddet(G||) \ p-i 




9s 


+ 


(25) 


As in [15], this potential has extrema away from the origin $ = 0. To get some intuition, 
let us set Fkji = f^kju where we make the approximation that the A-cycle is large (which 
is good in the limit of large ggM). The magnitude of / can be read off from the normalization 
of the integrated RR flux as in (3), which requires 


/ ^ 



(26) 


Demanding that 


0 yields the equation of motion 




(27) 


To solve (27), notice that if one takes constant matrices satisfying the commutation 
relations 

(28) 

then (27) is automatically satisfied. But, up to rescaling the <h, (28) are just the commuta¬ 
tion relations which are satisfied by a pxp dimensional matrix representation of the SU{2) 
generators 

[J\F]=2te,jkJ^ . (29) 

So by setting <l>* = —\glf J*, with J* the generators of any p-dimensional SU{2) represen¬ 
tation, we And solutions of (28). 

Which solution is energetically preferred? Using the known value of the quadratic 
Casimir C 2 = Tr((J*)^) in each p-dimensional SU{2) representation, one can see that the 
energetically preferred solution is to take the p-dimensional irreducible representation of 
SU{2), for which one finds 

Ueff ^ 


h'S / 8 ^ 2 1 

— (P- ^9sf P P - 1 

Ps ^ 6 


PsP 


(1 


87r2 (p2 - 1) 


(30) 

(31) 
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The negative term in (30) comes about through a competition between the (positive) quartic 
term and the (negative) cubic term in (25). The other p-dimensional reducible representa¬ 
tions occur as metastable vacua of (25), where the D3 branes have blown up to a number of 
“less giant” NS 5 branes but can still satisfy Vew < p/Os- These separate 5-branes all want 
to cluster together to form the “most giant” NS 5-brane, with minimal energy equal to (30). 

It is interesting to compare the energy in the giant graviton vacuum (30) to the final 
energy in the supersymmetric ground state, = 0. We see that Kff > 0 implies that 
p « M, which is the condition we have chosen to impose. In this regime, we hud a self- 
consistent picture: the D3 branes are driven by a perturbative instability to expand into an 
NS 5 brane wrapped on an 3“^ in the A-cycle, and must await a non-perturbative effect to 
decay to the supersymmetric vacuum. As we will discuss in §4, the complementary analysis 
in terms of the NS 5 brane worldvolume action indicates that, for sufficiently large the 
decay to a hnal supersymmetric state can occur without the intermediate metastable false 
vacuum. Based on the above story, we can obtain a reasonable estimate for the onset of this 
classical instability by considering the radius R (given in eqn (22)) of the fuzzy NS 5-brane 
in comparison to the radius Rq = gsM of the 


R^ 




47rV^o2 
blM^ ° 


(32) 


We see that there is a classical minimum only if p/M is sufficiently smaller than 
otherwise the radius of the NS 5-brane will get too close to i?o and the conhguration will 
become classically unstable. 


4 The NS 5-brane perspective 

In this section, we take the perspective of an NS 5-brane moving near the tip of the conifold 
geometry. The 5-brane is wrapped on a two-sphere inside the internal 3'^ and carries 
p units of world-volume two-form flux which induce D3 charge. As noted previously, it 
is a point of some concern that the NS 5 world-volume description used below has only 
limited validity for small sizes of the 3"^. For sufficiently large radius, however, the NS 5 
world-volume curvature is small compared to the string scale and one may expect that the 
description as given below becomes reasonably accurate. 


4.1 Giant Graviton 5-brane 


Consider an NS 5-brane of type IIB string theory located at an inside 3'^ with radius 
specihed by a polar angle The bosonic worldvolume action reads [14] 


3 




11/2 


det(G'ii) det(G'^-h 27r5fs:F) + Bg 


(33) 
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‘2'i\T2 = 27rFg — C 2 ■ 


( 34 ) 


This action has been obtained by S-duality from that of the D5-brane. Here F 2 = dA is 
the two-form field strength of the world-volume gauge field, G_l denotes the induced metric 
along the internal and Gy encodes the remaining components along the dtjj and 
directions. Using the explicit form (9) of the metric, we have 


dslnduced = blgsM[dXf,dx^ + di;^ + sin^ i; dVlj 
= ds\\ ds I 


(35) 


where (relative to eqn (9)) we have absorbed the factor of ao/Ro into x^. (This means that 
from now on, all time and distance scales in the directions are measured in red-shifted 
string units, or in holographic dual terminology, in terms of the dimensional transmutation 
scale A of the low energy gauge theory.) We can evaluate the following integrals over 


1 J det G± 

S2 V 

= ^T^blg, 

,M sin^ ip , 

(36) 

Ic.W 

= 4:71 M 

b - ^ sin(2^/>)) , 

(37) 

2 n f F 2 

to 


(38) 


This last equation reflects the fact that the NS 5-brane carries D3 brane charge p. Combining 
(36)-(38) gives: 

f ydet(G_L+ ‘2TigsR) = An‘^Mgs U 2 ('?/>) (39) 

J 


V2m 


1 

TT 



P , ,1 . 


2 


(40) 


Adding the ps / Bg term, obtained from eqn (11), gives a total NS 5-brane action 


S = Jd^x det G|| £(^) , 


(41) 




dlo(^2(^)Vl-^' 


1 


{2%!) — sin 2-^)^ , 


(42) 


with 


Aq — 


9s 


9s 


(43) 


12 



0.35 


0.3 

0.25 

0.2 

0.15 

0.1 

0.05 




Fig 2 :The effective potential for ~ 3%, showing the stable false vacuum, and for 

^ ~ 8 %, with only a marginally stable minimum. 


We can use this action to introduce a canonical momentum conjugate to f), and write 
the resulting Hamiltonian density 7f as 

W(V>, P*) = ~ - Sin2^) + + PI (44) 

which generates the time evolution of For the moment, however, we are just interested 
in finding whether there exists a static solution corresponding to the “giant graviton” of §3. 
Some useful intuition is obtained by considering the effective potential 

KffW = W,Pv, = o) 

= Ho ( 1 / 2 ( 1 /’) - - sin (45) 
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In figure 2 we have plotted this effective potential Ve^iip) for two different values of p 
relative to M: the top graph corresponds to p/M ~ 3%, and shows a stable false vacuum, 
and the lower graph corresponds to the special case p/M ~ 8% at which there is only a 
marginally stable intermediate minimum. For p/M > 8% the slope of the effective potential 
is everywhere negative. 

In both cases we can draw an interesting conclusion. In the regime p/M > 8%, the 
nonsupersymmetric conhguration of p D3 branes relaxes to the supersymmetric minimum 
via a classical process: The anti-branes cluster together to form the maximal size “fuzzy” 
NS 5-brane which rolls down the potential until it reduces to M —p D3-branes located 
at the north-pole a.t ijj = tt. In the regime with p/M (sufficiently) smaller than 8%, the 
branes reach a meta-stable state, the fuzzy NS-5 brane located at the location 'ipmin for 
which ^^ipprnin) = 0. This conhguration is classically stable, but will decay via quantum 
tunneling. We will study this tunneling process in §4.3. In both cases, the end result of the 
process is M—p D3-branes in place of p anti-D3-branes with the Hs hux around the B-cycle 
changed from K to K — 1. 

Now let us check the correspondence with the non-abelian description of §3. For small 
values of 'ijj we can expand 




M 3n 27r2p 


(46) 


which has a minimum at i/min = equal to 


9s ^ 


Stt^p'^ 

3 J ’ 


V 


(47) 


in exact agreement with the value (30) found earlier. Moreover, the size R ~ 'i/minRo (with 
Rq the radius) of the NS 5 brane “giant graviton” exactly matches with our earlier result 
(32). 

Another quantitative conhrmation of the result (45) for the effective potential is that the 
difference in vacuum energy between the south and north-pole is equal to twice the tension 
of the anti-D3 branes 

Kff(0)-foeff(7r) = ^. (48) 

9s 

This is the expected result. One way to understand this [16] is to compare our nonsuper¬ 
symmetric model with a hypothetical situation with all p anti-D3 branes replaced by —p 
D3-branes, i.e. branes with opposite charge and tension as i43-branes. This last situation 
would preserve supersymmetry and would therefore have zero vacuum energy. To change 
it back to our physical situation, however, one needs to add back p D3/anti-D3 pairs, with 
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zero charge but with total tension 2pij,^/gg. Notice, however, that in order to obtain the 
true total vacuum energy, we need to add to the result (45) a term 


Vu.tM = Uf (</>) + —, 


(49) 


SO that the supersymmetric vacuum indeed has Vtot = 0. This extra contribution comes 
from a term ^x/24 — J AG 3 in the string action which, via the global tadpole condition, 
adds up to pps/gs- 

Finally, let us return to the validity of our description. As mentioned, this is a slightly 
problematic question, since both the S-dual D3-brane variables and the NS 5 world-volume 
theory are strongly coupled. It seems reasonable, however, that at least our main qualitative 
conclusions, {i) the anti-D3 branes expand to a “fuzzy” NS 5 brane, {ii) for small enough 
p/M, the NS 5 brane will stabilize at some S'^-radius 'ipmin proportional to p/M, and {in) 
for large enough p/M the anti-D3/NS 5 conhguration will be classically unstable, will re¬ 
main unchanged in a more complete treatment. One forseeable quantitative difference, for 
example, is that inclusion of the backreaction of the NS 5-brane on the geometry might 
trigger the classical instability for smaller values of p/M than found above. 

4.2 BPS Domain Wall 

As discussed in §2.3, one can consider supersymmetric domain walls that interpolate between 
the supersymmetric “mesonic” and “baryonic” vacuum branches in the pure KS gauge 
theory with p = 0. As we now show, it is possible to write a special BPS solution to the NS 
5 brane equations of motion that describes a supersymmetric domain wall between the two 
phases. Specihcally, we assnme that the mesonic vacuum is such that all meson helds 
have the same expectation valne. In the supergravity, this is described by the conhguration 
of M D3-branes located at the same point on the which we take to be the north-pole 
Ip = n. 

Before we describe this domain wall solntion, we note that, for general p, the total 
hux throngh the satishes 

271J T 2 = An^np — M{'p —-sin{27p))'^ 

= —47r(7r(M — p) — M('^ — ^ sin(2-?/>))^ (50) 

with Ip = 7T — Ip. In other words, we can think of the T backgronnd from the “sonth- 
pole perspective” as carrying p nnits of D3 charge, or from the “north-pole perspective” as 
carrying M—p nnits of D3-charge. Notice that this implies that there must be M—p units of 
F 2 hux placed at the north-pole, that is, M — p D3-branes. Hence, in the special case that 
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p = 0, the NS 5-brane at the north-pole represents M D3 branes, while at the south-pole it 
can simply shrink from view without a trace. 

The domain wall solution corresponds to an NS 5-brane conhguration described by a 
spatial trajectory 'ip{z) {z the coordinate transverse to the wall) interpolating between tjj = n 
and '^ = 0. Following the same steps as above, we hnd that the ; 2 -evolution of 'ip{z) is 
governed by the Hamilton equations dzip = and dzPip = with 

= -^(2^p-sin2^p) + sjAl[V 2 {P^))' -P^ (51) 

We look for a trajectory that, for large negative 2 :, starts at rest at the north-pole, i.e., 
tjj = IT and P^ = 0. Therefore, this solution has H = 0. Solving for P^ we hnd 


P^ = blsin^pj. 


We thus obtain the following hrst order equation for iplz) 


dztp = 


6q sin^ Ip 
pJ — \ sin 2-^ 


(52) 


(53) 


This can be integrated to (choosing the location of the domain wall around ~ 0) 


tp cot tp 


(54) 


The right-hand side covers the half-space from = —00 to z = l/bo, where the NS 5-brane 
trajectory has reached the south-pole at = 0. At this point the brane has disappeared, 
leaving behind the pure hux KS solution. In the dual gauge theory, this is the baryonic 
vacuum. 

It is useful to think of the domain wall as an NS 5 brane wrapped around the A-cycle 
of the conifold, deformed near the north-pole due to the presence of the M D3-branes ending 
on it. From this perspective, it clearly has the property of inducing a jump by one unit in 
the H 3 flux around the B-cycle. Indeed, if we consider two such B-cycles B{z+) and B{zPj 
located at opposite sides of the domain wall, their difference B{zj^) — B{z-) represents an 
(otherwise contractible) 3-cycle that surrounds the NS 5-brane once. Since the NS 5-brane 
acts like a magnetic source for H 3 we have 


’B(z+) 




I Biz.) 


H 3 = 47r' 


(55) 
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The tension of the domain wall is obtained by evaluating the classical action of the above 
solution per unit time and area. We have 




Jdtd‘^x\/- det G:i 


(56) 


with 


T 

^ wall 


/xs 27r%l 
9s 


(57) 


As expected, this result for the domain wall tension breaks up as the product of the NS 
5-brane tension iJ^^/gl times the volume of the (with radius Rq = bQ^JgsM) wrapped by 
it. From a holographic viewpoint, this should be compared with the formula (19) obtained 
from the gauge theory effective superpotential. 

We should mention that the probe approximation used here is no longer strictly valid 
near the north-pole tjj = tt, since the M D3-branes represent an appreciable stress-energy 
that will have a non-negligible effect on the background geometry. Previous experience with 
supersymmetric conhgurations of this kind [14], however, suggests that such backreaction 
effects do not signihcantly alter the results for quantities like the domain wall tension. 


4.3 Vacuum Tunneling 

We now turn to a description of the decay of the non-supersymmetric conhguration with 
p non-zero. This takes place via nucleation of a bubble of supersymmetric vacuum (7) 
surrounded by a spherical NS 5 domain wall which expands exponentially as a consequence 
of the pressure produced by the drop in the vacuum energy. To obtain the nucleation rate, it 
is standard practice to look for a corresponding Euclidean solution. The relevant solution for 
us is an NS-5 brane trajectory ipiR), where R is the radial coordinate in connecting the 
“giant graviton” conhguration at '^ = t/’min at large R to an instantonic domain wall located 
near some appropriate radius R = R^ at which the solution reaches the supersymmetric 
minimum = tt. 

The total action functional for such a trajectory reads 

S = Bo dRR^ (^V2{ip)^J I + {dR'ipy + ^ ( tt ^ - + ^sin2^/>)) (58) 


with 

Bo = 2'K%liiogsM^. (59) 

As before, it is convenient to write the classical equations of motion for this action in the 
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Fig 3 : The Euclidean NS 5-brane trajectory ipiR) for two values ofp/M: the upper trajectory 
corresponds to ^ 3%, and the lower one to the near critical value ~ 8%. 


form of Hamilton equations duf) = and with 

R p3 I 2 

HrOj, P^) = ( 2 ^ - sin 2 ^) + sjpl {v^m) - P^ (60) 

In figure 3 we have drawn the resulting Euclidean NS 5-brane trajectories '4){R) for two 
values of p/M. 

In principle, we could extract the nucleation rate from the above formulas for general 
p/M hy evaluating the total action of the (numerically obtained) classical solutions, though 
this is a laborous prospect. Instead, we can quite easily obtain the leading order decay 
rate in the limit of small p/M as follows: From hgure 3, the classical trajectory for small 
p naturally divides up into two separate regions: it stays flat near the non-supersymmetric 
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minimum until coming very close to the domain wall radius i?* where it quickly moves 
toward the north-pole value tjj = tt. On these grounds, we divide the total action into a 
contribution coming from the non-zero vacuum energy (given in (49) and (47)) of the non- 
super symmetric “giant graviton” at i? > i?* and a second contribution coming from the 
tension of the domain wall. Using the “thin wall approximation” [17] we may write 


S = T^aliyo\^{R^) - Utot(^/’mm) Vol^(i?*) (61) 

where 

Vol3(i?,) = 27,Xi9sMf'"Rl Vol^(i?*) = (62) 

denote, respectively, the 3-volume of and the 4-volume inside a 3-sphere of radius i?* as 
measured by the metric (36). 

It now seems reasonable to assume that, when p « M, the prohle of the domain wall 
around R = R^, approaches the supersymmetric conhguration described in §4.2. Based on 
this intuition, we will set the domain wall tension T^aii equal to its the supersymmetric 
value (57). Taking the leading order value Utot(t/’mm) — ‘^P 9 ^ 3 /9s for the energy of the false 
vacuum, we thus get the following result for the classical action of the domain wall solution 
with radius i?* 

S{R,) = 7i^pX9sM\MhlRl - pRt) (63) 

The two terms represent the two competing forces on the NS 5-brane domain wall bubble: 
the tension pulling it inward and the outward pressure caused by the lower energy of the 
supersymmetric vacuum inside the bubble. At the critical radius 


R* 


3Mbl 

Ap 


(64) 


the two forces are balanced. Notice that, as expected, the domain wall becomes flat in the 
limit that p/M approaches zero. 

Plugging the critical value for R^ back into the action, gives the hnal leading estimate 
of the nucleation rate 

^ ^ ( 27 

Decay rate ~ exp- - — 

V 5127r 

where we set = l/(27r)^. We see that the rate is very highly suppressed in the p « M 
regime we have been considering here. 

In general, the above expression gives a negligible rate in the supergravity limit of large 
M with psM hxed. Note, however, that in our derivation of (65) we have assumed that 
p/M is far below the critical value (about 8% in our probe approximation) where the false 
vacuum becomes classically unstable. We conclude that, by tuning p/M, we can make the 
non-supersymmetric vacuum arbitrarily long or short-lived. 
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5 Two Dual Perspectives 


In this section we consider two dual perspectives on our model. In particular, we propose 
a dual holographic description in terms of a nonsupersymmetric, metastable vacuum in the 
KS field theory. Secondly, as an additional motivation for this proposal, we summarize how 
our model may be described from the type IIA point of view. 

5.1 Holographic Dual Field Theory 

For simplicity, we hrst consider the case that p = 1, which we expect to be related to the 
SU{2M — 1) X SU{M — 1) KS field theory. In addition to the Af = 1 gauge multiplets, 
this theory has bifundamental fields, two in the ( 2 M — 1, M — 1) representation and two 
in the (2M — 1,M — 1) representation. So, from the perspective of the SU{2M — 1), there 
are Nf = 2(M —1) flavors, one less than the number of colors. Hence it is no longer 
possible to write the color neutral baryonic combinations B and B, and, as a result, the only 
supersymmetric vacuum of the system is the mesonic branch (16). This is the holographic 
dual of the stable vacuum with M—1 D3-branes, the situation we expect to land on after the 
decay process in the case p = 1. The question now becomes, “Where do we hnd the other, 
nonsupersymmetric metastable vacuum corresponding to a single anti-D3 brane probing the 
conifold?” 

Though qualitatively important, for large M, the presence of the single anti-D3 brane 
acts only as a small perturbation of the situation with p = 0. (For example, the effective 
NS 5-brane potential Vew given in (45)-(40) has a perfectly smooth limit for ^ 0.) It 

seems reasonable to assume, then, that the nonsupersymmetric minimum for p = 1 can be 
thought of as closely related to the baryonic vacuum of the supersymmetric theory with 
p = 0. Indeed, as we have argued in §4.2, the NS 5 domain wall that separates it from the 
theory with M — 1 D3-branes in the supersymmetric case represents a transition between 
the baryonic and mesonic branch. 

We will now try to use this intuition to obtain a description of the nonsupersymmetric 
minimum. We introduce, in spite of the fact that Nf = Nc — 1 in our case, the two “baryonic” 
superhelds 

, ( 66 ) 

which are no longer colorless but carry a color index a transforming in the fundamental 
representation of SU{2M — 1). The idea is that the nonsupersymmetric theory corresponds 
to a false vacuum of the p = 1 KS gauge theory characterized by a non-zero expectation 
value of these color charged “baryon” fields. Naturally, this will cost energy, but it seems 
a reasonable assumption that (for p/M very small) this nonsupersymmetric vacuum may 
nonetheless be classically stable because it is separated from the supersymmetric minimum 
via a potential barrier. 
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To make this proposal more concrete, let us derive the form of the superpotential of our 
model with and included. To this end, we start by adding to the SU ( 2 M— 1 ) x SU (M— 
1) gauge theory a single pair of scalar multiplets A°' and 5“ (with a denoting the 2M — 1 
color index), which we will then make very massive. The motivation for introducing these 
extra helds is that, before we decouple them, they augment the system to have Nf = Nc 
so that we can introduce color neutral baryonic helds. Dehne the combination (pat = AaBa- 
Now write the superpotential 

IT = A (iVij-+ X(det N' - + mtr0 (67) 

with det N' the determinant of the (2M — 1) x (2M — 1) meson matrix obtained by including 
Aa and Ba- Here the last term gives rise to a mass m for the extra helds Aa and Ba- We 
can decompose 

detN' = (tr0 + (i)abA'^'°'Bf''{N~^Ylf^ det N. ( 68 ) 

The lagrange multiplier term in (67) is the standard one for an A/” = 1 gauge theory with 
Nf = Nc- Notice that the extra held (pab does not appear in the hrst term in eqn (67); we 
omit it here to avoid a symmetry breaking expectation value for (pab- Instead, we would like 
to keep Nc equal to 2M —1 after integrating out pab- The supersymmetric pab equations of 
motion now read 

m + X(det — trHH) = 0 (69) 

from which we can solve for X, and 


det N = e“B‘. 


(70) 


Inserting the solution for X back into W gives the superpotential (with p = 1) 

A4M-p X I 


W = A(W,)“(iVfc,)^e*V'^ + p 


detij^aj 3 N — tr BB, 


(71) 


with A.\^ ^ This is our proposed superpotential of the theory with the “bary¬ 

onic” superhelds present. 

In case of general p, we can similarly write color charged “baryon” helds, which transform 
in the p-th anti-symmetric product of the fundamental. Although we have not done the 
explicit analysis in this general case, a natural guess is that the superpotential will take the 
form (71). As a primitive reasonability check, we note that the supersymmetric equation 
of motion for the “baryon” held, d^W = 0, yields the condition that B°' = B°' = 0, so the 
mesonic vacuum remains present as the only supersymmetric vacuum, according with our 
expectations. 
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In general, withont more detailed control over the dynamics, the superpotential on its 
own provides at most inconclusive evidence of the possible existence of other, nonsupersym- 
metric vacua of the theory. Still, if our proposal is right, it should at least give some hint. A 
general comment: Formally, the equation dsW = 0 also admits one other solution, namely 
tiBB oo. While it is of course dangerous to suggest that this implies the existence of 
another supersymmetric vacuum, it does indicate that, as a function of the baryon conden¬ 
sate, the full potential V = IdhFp of the theory will have a maximum at some intermediate 
scale (which one would expect to be near tvBB ~ Af It is conceivable, therefore, that 

there exists another minimum at large trBB. 

The strongest evidence for the existence of the nonsupersymmetric “baryonic” vacuum, 
however, still comes from the supergravity analysis. The characterization of the nonsuper¬ 
symmetric model in terms of p anti-D3 branes inside the conifold geometry suggests that, 
somewhere in the dual held theory, there should be a hint of an (unbroken) SU{p) gauge 
symmetry. Indeed, our proposed dual interpretation in terms of a phase with a non-zero 
condensate for tiBB naturally leads to a breaking of the SU{2M —p) gauge symmetry to 
SU{p). It seems natural to identify the worldvolume theory of the p anti-D3 branes with 
the effective low energy description of this SU{p) sector. In the following subsection, we will 
hnd an independent indication from the type IIA perspective that the nonsupersymmetric 
theory is described by an SU{p) x SU{M—p) gauge theory. 

5.2 Type IIA Brane Configurations 

The RG cascade in the KS system can also be understood via a dual type IIA perspective 
[2]. In the IIA description, one studies a theory on D4 branes suspended between NS 5 
branes. Consider an NS 5 and an NS 5' brane, the hrst hlling out the 012345 directions, 
and the latter the 012389 directions in spacetime. Suppose them separated only along the 

direction, compactihed on a circle. One can then stretch N D4 branes around the circle, 
and M D4 branes on one of the two segments. The former correspond to the N D3 branes 
and the latter to fractional branes. The resulting held theory has SU{N + M) x SU{N) 
gauge group and the matter stretching across the NS 5 and NS 5' branes gives precisely the 
bi-fundamentals which arise in the KS held theory. 

In this description, the forces on the branes are not perfectly balanced - the NS branes 
bend together on the segment with the additional fractional branes. This corresponds to 
the fact that the SU{N -|- M) gauge theory has Nf = 2N havors and becomes strongly 
coupled as one hows to the IR. One can move the 5' brane through the NS 5 brane and 
around the circle to avoid this intersection; this will have the ehect of reducing the gauge 
group to SU{N) X SU{N — M). This is the hrst step in the RG cascade, and it is repeated 
until the rank of the gauge groups is low enough that Nf < N^. in one of the factors and the 
non-perturbative dynamics becomes more subtle. 

The diherence in our setup is the addition of p D3 branes to the conifold. In the dual 
brane conhguration, these should appear as p DA branes stretched between the NS 5 and 
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the NS 5' branes in addition to those already present in the KS setup. There are now (at 
least) two obvious options: 

• The p anti-branes can annihilate with the D4 branes in each segment, leaving an SU{N+ 
M—p) X SU{N—p) gauge theory. This subsequently undergoes the RG cascade as described 
above; assuming N = KM and p « M, the endpoint is a supersymmetric SU{2M—p) x 
SU{M—p) gauge theory. This is, of course, the dual gauge theory description of the hnal 
state (7). 

• Alternatively, one can hrst go through the KS RG cascade with the D4 branes, leaving 
a pure SU (M) gauge theory from the D4 brane sector. Then, including the p anti-branes, 
one hnds a nonsupersymmetric theory with gauge group SU{M—p) x SU{p). Special cases 
of this theory were discussed in [18]. This is a type IIA dual description of our nonsuper¬ 
symmetric conhguration. It would be interesting to understand the vacuum structure and 
gauge symmetry breaking patterns found in §3 from the IIA perspective. The analysis in 
[18] hnds evidence of a symmetry breaking pattern which depends sensitively on the radius 
of the Xq circle, but is carried out far from the p « M, N regime of interest to us here. 


6. Concluding Remarks 


We have found that the conhguration of p D3 branes probing the KS geometry constitutes 
a rich system with several interesting properties. The basic physics is apparent in Figure 4. 
For p « M, the system relaxes to a metastable nonsupersymmetric vacuum but eventually 
tunnels to a supersymmetric hnal state. This decay has a strongly suppressed rate given in 
(65) and the nonsupersymmetric vacuum can therefore be made arbitrarily long-lived. For 
p/M larger than some critical value (of about 8% in our probe approximation) the decay 
takes place classically. In both cases, the decay is ehected by “brane/hux annihilation” 
where the branes hrst form an NS 5-brane which later unwinds around the S^, creating 
M—p D3 branes in the process. An important remaining problem is to hnd a supergravity 
solution of the nonsupersymmetric minimum that includes the backreaction of the p NS 
5-branes. 

The same basic brane/hux transmutation process whereby huxes are traded for D3 
branes may also provide a new perspective on many of the dualities currently under study 
as geometric transitions. An analogue of our microscopic description of this process via NS 
5 brane nucleation may also play an important role in those transitions, which encode the 
information about D-brane gauge theories in terms of dual geometries with huxes (see e.g. 
|4, 20|). 

In most of this paper, we have restricted our attention to the infrared physics of the 
model, implicitly assuming that it embedded in a non-compact warped geometry with hxed 
boundary conditions in the UV. It is an interesting question, however, to ask what happens 
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(i) (ii) 

Fig 4:Schematic depiction of the brane/flux annihilation process for (i) subcritical and (ii) 
supercritical values for p/M. 


when we embed our model in a true string compactification with a hnite volume as con¬ 
structed in [5]. In this case, the holographically dual gauge theory will be coupled to 4-d 
gravity. Looking at the form of the potentials in hgure 4, it is then natural to ask what 
type of cosmological evolutions are possible in this set-up. 

Besides the ip held, the string compactihcation will generally give rise to many other 
light moduli helds. In the basic model of [5], all can be made massive except for the Kahler 
modulus u{x) controlling the overall volume of the 6d internal space Y. If we ignore the 
backreaction due to the branes and huxes, it is dehned by 

ds^ = Sfiudx^dx’^ + e^^gfjdz^dz^ (72) 

where ds^ is the lOd string frame metric and gq the Ricci-hat metric on Y. Following the 
steps outlined in [5], one obtains for the 4d low energy effective action 

-S' = ^ jd'^x{-gif/‘^{^i-Q{d^uf-ale~^^V2{ip){d^ipf + ale~^‘^^Vtot{dP)^, (73) 
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with Qi the 4d Einstein frame metric, and V 2 and Vtot as in (40) and (45)-(49). The coefficient 
Oo is the warpfactor at the location of the anti-D3-branes. 

The dynamics of this low energy held theory is dominated by the steep inverse-volume 
dependence evident in (73), which implies that the presence of the extra energy density in 
the anti-branes will quickly force the Calabi-Yau manifold to decompactify. In addition, it 
prevents the model from giving rise to any appreciable inhation. To stop this decompact- 
ihcation process, or to get an inhationary solution, it seems that one would have to hnd 
a novel means of stabilizing the Kahler moduli (for a discussion of moduli stabilization in 
roughly this context, see e.g. [5, 19]). 

The gravitational ehect of brane nucleation processes that induce discrete hux jumps has 
recently been investigated in [21], as a possible dynamical mechanism for neutralizing the 
cosmological constant. In particular the set-up considered in the second reference appears 
closely related to ours. 
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